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1.  INTRODUCTION 


The  P"T  criterion  for  the  onset  of  detonation,  first  proposed  by  Walker 
and  Was  ley,1  has  become  a  central  issue  in  the  study  of  detonation  mechanics. 
Although  the  criterion  has  been  criticized,  most  recently  by  Moulard,2  the 
criterion  has  been  extensively  employed  and  supported  by  experimental  studies. 3 
E.  H.  Walker8  has  recently  employed  the  criterion  successfully  in  a  study 
comparing  fratricide  initiation  in  a  variety  of  artillery  shells  with  differing 
explosive  fills.  Thus,  any  satisfactory  understanding  of  detonation  onset  will 

2 

require  an  understanding  of  the  P“T  mechanism. 

A  number  of  studies9  13  have  sought  to  derive  or  calculate  values 
2 

for  the  P  T  criterion,  but  none  has  provided  a  strictly  physical  theory 
free  of  ad  hoc  assumptions  as  to  the  origin  and  distribution  of  initiation 
sites,  "hot  spots",  or  the  assumed  initiating  temperature  distribution 
behind  the  shock  front.  Ramsey19  argues  such  an  assumption  is  not  important 

a 

to  derive  the  relation  P“T=const.,  but  evaluating  this  constant  for  different 
explosives  must  depend  on  the  mechanism  that  gives  rise  to  the  initial 
heating  and  evolution  of  heat  in  the  explosive.  Howe,  et  al 1 5  have  shown 
that  shock  initiation  of  detonation  consists  of  two  processes:  an  ignition 
process  and  a  build  up  process.  They  present  evidence  that  the  build  up 
to  detonation  is  controlled  by  a  heat  transfer  dominated  grain  burning 
process.  The  ignition  process  appears  to  arise  from  shock  induced  "hot 
spots 

The  necessity  of  the  hot  spot  concept  of  Bowden16  and  Eyring17  arises 
from  the  fact  that  under  shock  initiation  conditions  the  bulk  temperature 
of  the  explosive  is  much  too  low  to  initiate  decomposition.  Various 
mechanisms  have  been  proposed  to  account  for  the  hot  spots  controlling  the 
ignition  process.  Bowden  and  Yoffe16  proposed  adiabatic  compression  of 
gas  as  the  principal  mechanism,  but  also  discussed  plastic  work  in  solid 
explosives  as  a  mechanism.  Mader18  studied  the  mechanism  of  direct  heating 
of  the  explosive  by  void  closure;  Seeley19  has  suggested  jetting  during  void 
closure  as  the  mechanism  for  hot  spot  formation;  and  Delpuech,  et  al20 
suggest  shock  induced  free  radical  formation  as  playing  the  critical  role 
in  the  initiation  process. 


II.  FREY'S  SHEAR  BAND  MODEL 

Recently  Frey21  has  proposed  a  shear  band  theory  for  hot  spot  formation. 
Frey  suggested  these  shear  bands  might  arise  during  void  closure  or  during 
shock  induced  displacement  of  the  explosive  near  irregularities  at  the 
explosive-container  wall  interface,  as  shown  in  Figure  1.  Starting  with  this 
hypothesis,  Frey  showed  that  shearing  under  pressure  could  lead  to  sufficiently 
rapid  heating  of  the  explosive  to  generate  hot  spots  in  the  explosive  adequate 
to  give  rise  to  initiation  of  the  explosive.  However,  the  shear  velocities 
indicated  by  the  shear  band  mechanisms  shown  in  Figure  1  do  not  depend 

2 

on  the  explosive  material  properties.  As  such,  the  F  T  criterion  as  a  property 
of  the  explosive  would  be  difficult  to  understand. 
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Figure  1.  Schematic  of  the  Sources  of  Shear  Bands  According  to  Frey's  Model.  (A)  Shear 
bands  produced  in  front  of  cubical  and  spherical  cavities.  (B)  Velocity 
gradient  producing  shear  bands  near  irregular  interface. 


Until  recently,  shear  bands  in  shock  loaded  explosives  had  not  been 
observed.  Gibbons22  has  recently  obtained  scanning  electron  micrographs 
showing  an  extensive  shear  band  structure  in  shock  loaded  comp  B,  Figure  2. 

The  coinp  B  also  shows  evidence  of  incipient  reaction  of  the  TNT  matrix  in 
the  area  of  the  shear  bands.  From  the  location  of  these  shear  bandsj  it  is 
apparent  that  the  shear  bands  do  not  result  from  either  cavity  collapse  or 
container  wall  irregularities.  The  shear  bands  could  also  arise  from  the  shear 
stress  field  in  the  explosive  produced  by  deformation  of  the  explosive  container. 
However,  that  flow  field  depends  primarily  on  the  characteristics  of  the  containe 
and  the  container's  response  to  impulsive  loading,  and  only  to  a  lesser  degree 
on  the  properties  of  the  comp  B  fill.  Such  an  origin  for  shears  leading  to  ini- 

2 

tiation  of  the  explosive  would  not  be  likely  to  involve  the  P“T  criterion. 

Another  cause  for  the  occurrence  of  the  shear  bands  is  required.  A  mechanism  for 
shear  band  production  that  makes  use  of  Frey's  shear  band  theory  and  that  provide 

2 

a  procedure  for  the  computation  of  P  T  criterion  values  for  explosives  is  pre- 

2  3  2 

sented  below.  In  a  separate  report  ,  we  derive  the  P  T  criterion  based  on  the 
model  presented  here. 

III.  SHEAR  BAND  PRODUCTION  BY  SHOCK  LOADING  IN  HETEROGENEOUS  EXPLOSIVES 

Assume  a  shock  passes  through  a  material,  such  as  comp  B,  consisting  of 
grains  of  one  material,  RDX,  embedded  in  a  matrix  of  a  second  material,  here 
TNT.  The  pressure  p  behind  the  shock  is  given  in  terms  of  the  density  p, 
sound  velocity  u,  and  particle  velocity  v  by 

p  =  PQuv  .  (1) 

Although  the  pressure  is  the  same  in  both  the  RDX  grains  and  the  TNT  matrix, 
since  the  impedance,  pu,  differs  in  the  two  materials,  the  particle  velocity 
will  differ  in  the  two  constituents,  as  indicated  in  Figure  3.  Table  1  shows 
the  densities,  sound  velocities  and  particle  velocities  for  RDX  and  TNT  for 
a  2.5  GPa  shock  pressure.  The  resulting  velocity  difference  is 

vs  =  V1  '  V2  •  (2) 


From  Table  1  this  gives  70  m/s. 


TABLE  1 


Densities,  Sound  Velocities,  and  Particle  Velocities  for  the 
Constituents  of  Comp  B  at  2.5  GPa* 


p  fg/cm  ) 
o 


u(km/s) 


v  fkm/sl 


0.595 


0.4(i  5 


*Computed  from  shock  Hugoniot  data  in  The  LLNL  Explosives  Handbook,  B.  M. 
Dobratz.  University  of  California,  Livermore,  CA  94550.  See  table  7.5. 
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Figure  2.  Scanning  Electron  Micrograph  of  Shock  Loaded  Comp  B. 

Magnitude  of  the  shock  was  about  2.5  GPa.  The  grains  are 
RDX  particles  which  are  embedded  in  the  TNT  matrix.  The 
shear  bands  run  principally  between  the  RDX  grains,  although 
some  shear  bands  run  through  the  RDX  grains.  This  area  was 
discolored  brown  by  incipient  reaction  of  the  TNT.  (A)  Magni 
fication  is  750X;  (B)  Enlargement  of  upper  right  of  (A)  at  a 
magnification  of  1500X. 
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•igure  5.  Schematic  Representation  of  a  Shock  Passing  Through  a  Heterogeneous 
Material.  The  shock  velocities  differ  in  the  two  materials  as  do 
the  particle  velocities.  As  a  result,  a  velocity  gradient  will 
develop  across  these  materials  giving  rise  to  shear. 


It  is  to  be  noted  that  even  in  a  single  constituent  explosive, a  similar 
result  will  occur.  The  propagation  velocity  for  a  sound  wave  differs 
along  various  crystal  orientations.  In  such  materials,  for  individual 
grains,  u^^  will  differ  significantly  from  u^  or  11  q)  ^or  examPle 

(where  the  subscripts  refer  to  the  principal  axes  along  the  crystal  grains 
of  the  explosive.)  Thus, we  would  obtain  various  shear  velocities  depending 
on  crystal  orientations.  For  a  crystal  having  the  (111)  plane  parallel  to  the 
(100)  plane  in  a  neighboring  crystal  we  would  have 

Vs  =  V(100)  '  V(lll)  .  (3) 

Unfortunately,  sound  velocity  data  along  different  crystal  axes  for  explosives 
is  too  sketchy  for  our  present  needs,  so  we  will  confine  our  interest  to  two 
constituent  explosives. 

We  will  also  limit  our  treatment  to  the  case  in  which  the  shear  takes 
place  in  the  matrix.  In  general,  where  the  effective  shear  strength  of  the 
explosive  approximates  the  shear  strength  of  the  matrix,  we  may  treat  the 
process  of  shear  formation  as  taking  place  in  the  matrix.  Where  the  shear 
strength  approximates  the  shear  strength  of  the  grains,  shear  formation 
should  be  calculated  for  the  grains.  In  other  cases,  we  must  make  calculations 
for  shearing  that  can  occur  in  either  the  matrix  or  the  grains.  In  such  cases, 

2 

the  smaller  of  the  calculated  P“T  values  obtained  is  to  be  taken  for  the  critical 
value  characterizing  the  explosive.  Thus,  generalization  of  the  present  ap¬ 
proach  can  be  achieved  in  a  straight  forward  way. 

It  should  be  noted  that  shear  band  formation  described  here  constitutes 
the  incipient  mechanism  for  shear  failure.  Large  scale  mechanical  failure  of 
the  explosive  is  associated  with  the  arrival  of  relief  waves  from  free  surfaces 
(failure  of  the  explosive's  container  walls,  for  example).  The  arrival  of 
these  relief  waves  lead  to  the  growth  of  the  incipient  shears  into  larger 
shears  that  ultimately  connect  to  form  macroscopic  cracks  in  the  explosive. 

IV.  SHEAR  VELOCITY  FOR  TWO  CONSTITUENT  EXPLOSIVES 


Writing  P^>u^  for  the  density  and  sound  velocity  in  the  matrix  and 
o7,u-,  for  the  density  and  sound  velocity  for  the  included  grains  we  write 


v 

s 


(4) 


where  a  negative  result  indicates  shearing  results  from  a  slower  matrix 
particle  velocity.  This  velocity  is  the  overall  shear  velocity  between  the 
two  constituents  of  the  explosive.  It  is  not  the  shear  band  shear  velocity 
however,  as  it  does  not  take  account  of  the  number  of  shear  bands  (on  average) 
in  the  matrix  lying  between  two  grains.  As  the  shock  passes  between  two  grains, 
the  displaced  material  will  strain  until  relieved  by  the  development  of  one  or 
more  shear  bands. 
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In  Frey's  analysis,  the  shear  velocity  occurs  as  a  parameter  dependent  on 
the  circumstances  of  cavities  and  container  irregularities.  In  the  present  case, 
we  see  that  the  velocity  difference  is  dependent  on  the  physical  properties  of 

the  explosive.  In  the  case  of  comp  B,  vg  (km/s)  is  given,  approximately,  in 

terms  of  the  pressure  p  (GPa)  by 

V  =  2.79  x  10~2p  •  (5) 

24 

Frey  shows  that  there  is  a  functional  relation  between  shear  velocity  and  the 
shock  pressure,  where  time  to  reach  a  critical  ignition  temperature  appears 
as  a  parameter.  Figure  4.  With  Frey's  computed  results  for  the  shear  velocity 

versus  shock  pressure  for  TNT  as  shown  in  Figure  4,  and  the  relation  between 

shock  pressure  and  shear  velocity  for  the  TNT  matrix  in  comp  B,  as  given  in 
liquation  5,  we  can  solve  to  obtain  the  shock  pressure  leading  to  a  given  ignition 
temperature  in  a  specified  time.  From  Figure  4,  we  obtain  a  solution  of 
v_  =  40. B  in/s  and  p  =  1.42  GPa .  Assuming  the  ignition  temperature  of  1000°K 

as  used  by  Frey,  we  calculate  a  P~T  criterion  of 

P2T)  =  2.02  x  1012  (Pa2s)  .  (6) 

crit 

12  2 

The  result  is  to  be  compared  with  an  experimental  value  of  4.41  x  10  Pa  s. 

The  difference  in  values  obtained  here  arises  from  the  fact  that  the  shear 
velocity  in  Equation  5  is  not  the  shear  band  shear  velocity,  but  instead 
the  overall  shear  velocity  between  the  grains  of  RDX  and  matrix  of  TNT.  Let 
us  now  turn  to  the  question  of  the  shear  band  density  which  will  allow  us  to 
obtain  the  shear  band  shear  velocity. 

V.  SHEAR  BAND  DENSITY 


To  obtain  the  shear  band  shear  velocity  v^ ,  it  is  necessary  to  derive  the 

density  of  the  shear  bands  in  the  matrix  material.  Consider  the  material  dis¬ 
placement  as  shown  in  Figure  5.  After  the  shock  passes  through  the  explosive, 
a  shear  gradient  will  develop  due  to  the  resistance  to  shear  at  the  matrix- 
grain  interface.  In  a  time  t  assumed  to  be  very  short  Ci.e.,  before  shear 
banding  develops)  the  material  behind  the  shock  will  assume,  approximately, 
a  rhomboidal  displacement  as  seen  in  Figure  5.  Figure  5  shows  one  of  these 
rhomboidal  sections  broken  into  several  incipient  shear  bands  of  width  d  and 
strain  6d  such  that 

V  t 

_  total  strain  in  time  t _  _  s _  (7) 

number  of  shear  bands  D/d 


The 


failure  angle  0  at  which  shear  occurs  is  related  to  the  strain  <Sd  by 
h  max 


6d 

"d 


0 

max 


(8) 


Where  o 


max 


is  a  property  of  the  material. 


regularity  of  the  overall  process, 


Of  course.  Figure  5  idealizes  the 
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by  the  two  rhomboidal  regions  indicates  strains  at  an  early  time  after  passage  of  the  shock, 
(b)  Schematic  of  a  rhomboidal  region  giving  shear  band  and  displacement  dimensions  just  bef 
formation  of  the  bands  due  to  development  of  slide  planes,  (c)  Resulting  displacement  of 
material  in  the  rhomboid  of  (b)  as  the  critical  angle  0  _  occurs. 


The  time  at  which  this  shearing  occurs  depends  on  the  propagation  of  stress 
relief  into  the  material  as  shear  banding  develops.  Thus,  in  a  time  t  such  a 
relief  wave  can  propagate  only  a  distance  u^t.  This  means  that  the  next 

nearest  shear  will  be  located  at  most  a  distance  u^t  away.  Since  the  process 

is  more  nearly  stochastic,  the  average  value  for  the  separation  of  the  shear 
bands  will  be  half  u^t.  Since  that  distance  is  also  d,  we  have 

‘.jUjt  =  d  .  (9) 

Therefore,  from  liquations  7,  8,  and  9,  we  have 

0  Du. 

.  max  1 


Now  substituting  from  liquation  4  for  vg  we  obtain 


O  Du  p.u  p,u, 

j  -  max  1  1  1  -  2  C 1 1 J 

Jp  (p2u2‘piui)  • 

The  number  of  shear  bands  in  the  gap  between  grains,  n*  is,  approximately. 


n*  =  20/ d  = 


4p  (o2u2  -  PjUj) 

e  u .  p .  u .  p  _u , 

max  11122 


is  uiven  in  terms  of  the  shear  modulus  G  and  shear  strength  o  by 
max  max 

o  /G.  The  shear  modulus  can  also  be  expressed  in  terms  of  the  Young's 
max 

elastic  modulus  F.  and  Poisson's  ratio  v  by  ^E/Cl+v).  Thus, 

0  =2  (1+v)  a  /E  (13) 

max  max 

The  value  of  the  shear  band  shear  velocity  vfe  is  given  by  dividing  vg 
by  n,  where 

n  =  n*/2  .  (14) 

Since  both  vg  and  n  are  linear  in  p,  v^  is  independent  of  p.  We  have  from 
Equations  (4)  and  (12) 

v.  =  u.  0  (15) 

b  1  max  • 

For  E  =  5.4  GPa,  v  =  0.3  and  o  =  0.07  GPa,  we  have  from  Equation  (13) 

max 

0  =  0.034  (16) 

max 

for  TNT.  With  Uj  of  3.34  km/s  as  given  in  Table  1,  we  obtain  from  Equation  (15), 
v,  =  57  m/s  for  the  shear  band  shear  velocity  in  the  TNT  matrix  material. 


From  Figure  4, we  see  this  yields  an  intercept  at  a  shock  pressure  of  1.30  GPa. 

This  value  of  the  pressure  acting  for  1  ps  yields  for  the  computed  P2T  value 

P2T)  _  =  1  .69  x  1012  Pa2s  .  f  17") 

crit  (  J 
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This  value  is  somewhat  lower  than  the  experimental  value  of  4.4  x  10  Pa  s. 

However,  the  criterion  for  initiation  of  the  explosive  used  in  Frey's 

calculation  is  similarly  approximate.  It  should  be  pointed  out  that  as  treated  here, 

this  is  only  an  initiation  criterion,  and  not  a  detonation  criterion,  as  time 

must  be  allowed  for  the  incipient  burn  of  the  explosive  at  these  hot  spots  to 

2  5 

generate  self  sustaining  pressures.  In  a  separate  report,  this  problem  is  con¬ 
sidered  in  some  detail  and  shown  to  contribute  only  a  small  contribution  to  the 
2 

P  T  value  we  have  here.  Thus,  using  an  expression  for  the  shear  band  shear  velocity 
under  shock  loading  conditions,  we  can  employ  Frey's  shear  band  theory  to  calculate 

P*T)  from  the  properties  of  explosive  materials. 

VI.  CONCLUSIONS 

A  theory  relating  shock  loading  to  the  development  of  shear  bands  in  explo¬ 
sives  has  been  presented.  This  theory  together  with  Frey's  shear  band  theory 
for  the  development  of  hot  spots  due  to  shear  heating  along  these  shear  bands 

2 

makes  it  possible  to  compute  P  T)cr^t  values  for  explosives  from  the  mechanical 
and  thermodynamic  properties  of  the  explosive. 


1  / 


REFERENCES 


1.  F.  E.  Walker  and  R.  J.  Wasley,  "Critical  Energy  for  the  Shock  Initiation  of 
Heterogeneous  Explosives,"  Explusi vestoffc  17,  9,(1969). 

2.  H.  Moulard, "Critical  Conditions  for  Shock  Initiation  of  Detonation  by 

Small  Projectile  Impact,"  Seventh  Symposium  (International)  on  Detonation, 
pp. 316-324,  16-19  June  1981,  NSWC/MP-82-334,  Naval  Surface  Weapons  Center, 

Annapolis,  MD.  Moulard' s  experimental  results  can  be  understood  as  arising 
from  a  reduced  shock  pressure  in  the  coalesced  region  and  not  a  breakdown 
of  the  P^T  criterion. 

5.  P.  Howe,  R.  Frey,  B.  Taylor  and  V.  Boyle,  "Shock  Initiation  and  the 

Critical  Energy  Concept,"  Sixth  Symposium  (International)  on  Detonation, 
pp.  11-19,  ACR-221,  US  Government  Printing  Office,  Washington,  DC  20402. 

4.  E.  F.  Sittings,  "Initiation  of  a  Solid  High  Explosive  by  a  Short  Duration 
Shock,"  Fourth  Symposium  (International)  on  Detonation,  pp.  373-380, 

ACR-126,  US  Government  Printing  Office,  Washington,  DC  20402. 

5.  E.  L.  Lee  and  C.  M.  Tarver,  "Phenomenological  Model  of  Shock  Initiation  in 
Heterogeneous  Explosives,"  Phys  Fluids, 23,  2362-2372,(1980). 

6.  R.  C.  Weingart,  R.  K.  Jackson,  C.  A.  Honodel  and  R.  S.  Lee,  "Shock 
Initiation  of  PBX  9404  by  Electrically  Driven  Flyer  Plates,"  Tenth  Symposium 
on  Explosives  and  Pyrotechnics,  preprint  VCRL-82162  January  1979. 

7.  Y.  de  Longueville,  C.  Fauquignon,  H.  Moulard,  "Initiation  of  Several 
Condensed  Explosives  by  a  Given  Duration  Shock  Wave,"  Sixth  Symposium 
(International)  on  Detonation,  pp.  105-114,  ACR-221,  US  Government  Printing 
Office,  Washington,  DC  20402. 

8.  E.  H.  Walker,  "Computer  Model  of  Shield  Design  for  Artillery  Shell  Fratricide 
Suppression,"  BRL  Report  (in  Press) . 

9.  See  Refs.  1,  5,  7 

10.  B.O.  Trott,  R.  G.  Jung,  "Effect  of  Pulse  Duration  on  the  Impact  Sensitivity 
of  Solid  Explosives,"  Fifth  Symposium  (International)  on  Detonation, 

pp.  191-205,  ACR-184,  US  Government  Printing  Office,  Washington,  DC  20402. 

11.  J.  Wackerle,  .1 .  0.  Johnson,  and  P.  M.  Hal leek,  "Shock  Initiation  of  High- 
Density  PETN,"  Sixth  Symposium  (International)  on  Detonation,  pp.  20-28, 
ACR-221,  US  Government  Printing  Office,  Washington,  DC  20402. 

12.  1).  B.  Hayes,  "A  PnT  Denotation  Criterion  from  Thermal  Explosion  Theory," 

Sixth  Symposium  (International)  on  Detonation,  pp.  76-81,  ACR-221, 

US  Government  Printing  Office,  Washington,  DC  20402. 

13.  W.  II.  Andersen,  "Model  of  Impact  Ignition  and  Explanation  of  Critical  Shock 
Initiation  Energy  II  Application,"  Seventh  Symposium  (International)  on 
Detonation,  pp.  459-465,  lb-19  June  1981,  NSWC/MP-82-334,  Naval  Surface 
Weapons  Center,  Annapolis,  MD. 

19 


PREVIOUS  PACE 
IS  BLANK 


REFERENCES  (continued) 


1-5.  .1.  B.  Ramsey,  "Short  Duration  Shock  Wave  Initiation  of  Solid  Explosives," 

Acta  Astronaut ica  ,6.  771,(1979). 

15.  See  Ref.  3. 

10.  F.  P.  Bowden  and  A.  D.  Yoffe,  Initiation  and  Growth  of  Explosions  in  Liquids 
and  Solids,  Cambridge  University  Press  (1952). 

17.  M.  Eyring,  R.  E.  Powell,  G.  H.  Duffrey,  and  R.  B.  Darlin,  Chemical  Review, 45, 

69 f  (1949).  ““  ~ 

18.  C.  L.  Mader,  Phys  Fluidst8,  10,(1965). 

19.  L.  B.  Seeley,  "A  Proposed  Mechanism  for  Shock  Initiation  of  Low  Density 
Granular  Explosives,"  Proceedings  of  the  Fourth  Electric  Initiator  Symposium 
(1963). 

20.  A.  Delpuech,  J.  Cherville,  and  C.  Michaud,  "Molecular  Electronic  Structure 
and  Initiation  of  Secondary  Explosives,"  Seventh  Symposium  (International) 
on  Detonation,  pp.  65-74„  16-19  June  1981,  Annapolis,  MD. 

21.  R.  B.  Frey,  "The  Initiation  of  Explosive  Charges  by  Rapid  Shear,"  Seventh 
Symposium  (International)  on  Detonation,  pp.  36-42,  16-19  June  1981, 
Annapolis.  MD. 

22.  G.  Gibbons,  Jr . .Observat ions  of  Impact  Generated  Shear  Bands  in  Composition-B 
Ballistic  Research  Laboratory  Memorandum  Report  fir:  ;to-^  )  . 

2 

23.  E.  11.  Walker,  "Derivation  of  the  P^T  Criterion  (in  Closed  Form)  Based  on 
the  Frey  Shear  Band  Mechanism,"  Ballistic  Research  Laboratory  Technical 
Report  ARBRL-TR-02544 ,  January  1984 . (ADA-137530) 

24.  See  Ref.  21,  Figure  7. 

25.  See  Ref.  23,  pg  12-13. 


20 


No.  of 
Copies 


DISTRIBUTION  LIST 


No .  of 

Organization  Copies  Organization 


12  Administrator 

Defense  Technical  Info  Center 
ATTN:  DTIC-DDA 
Cameron  Station 
Alexandria,  VA  22314 

l  Chairman 

DOD  explosives  Safety  Board 

ATTN:  Dr.  T.  Zaker 

Room  856-C 

Hoffman  Bldg  1 

2461  Eisenhower  Avenue 

Alexandria,  VA  22331 

1  Commander 

US  Army  Materiel  Command 
ATTN:  AMCDRA-ST 
5001  Eisenhower  Avenue 
Alexandria,  VA  22333 


1  Commander 

Armament  RLD  Center 
US  Army  AMCCOM 
ATTN :  SMCAR-TDC 

Dover,  NJ  07801 

1  Commander 

Armament  R$D  Center 
US  Army  AMCCOM 
ATTN :  SMCAR-TSS 

Dover,  NJ  07801 

1  Commander 

Armament  R^D  Center 
US  Army  AMCCOM 

ATTN:  SMCAR-LCE,  Dr.  R.  F.  Walker 

Dover,  NJ  07801 

1  Commander 

Armament  Rf,D  Center 
US  Army  AMCCOM 

ATTN:  SMCAR-LCE,  Dr.  N.  Slagg 
Dover,  NJ  07801 

1  HQDA 

DAMA-ART-M 

Washington,  DC  20310 


1  Commander 

Armament  R^D  Center 
US  Army  AMCCOM 

ATTN:  SMCAR-LCN,  Dr.  P.  Harris 
Dover,  NJ  07801 

1  Commander 

US  Army  Armament,  Munitions 
and  Chemical  Command 

ATTN :  SMCAR-ESK - L 
Rock  Island,  IL  61299 

1  Director 

Benet  Weapons  Laboratory 
Armament  R§D  Ctr/  US  Army  AMCCOM 
ATTN:  SMCAR-LCB-TL 
Watervliet,  NY  12189 

1  Commander 

US  Army  Aviation  Research 
and  Development  Command 
ATTN:  AMSAV  -E 
4300  Goodfellow  Boulevard 
St.  Louis,  MO  63120 

1  Director 

US  Army  Air  Mobility  Research 
and  Development  Laboratory 
Ames  Research  Center 
Moffett  Field,  CA  9403S 

1  Commander 

US  Army  Communications  Rsch 
and  Development  Command 
ATTN:  AMSEL-ATDD 
Fort  Monmouth,  NJ  07703 

1  Commander 

US  Army  Electronics  Research 
and  Development  Command 
Technical  Support  Activity 
ATTN:  DELSD-L 
Fort  Monmouth,  NJ  07703 

1  Commander 

US  Army  Development  5  Employment 
Agency 

ATTN:  M0DE-TED-SAB 
Fort  Lewis,  WA  98433 


21 


No .  of 

Copies  Organization 


DISTRIBUTION  LIST  (continued) 


No.  of 
Copies 

I  Commander  1 

US  Army  Missile  Command 
ATTN :  AMSMI-R 
Redstone  Arsenal,  AL  35898 

1  Commander 

US  Army  Missile  Command  1 

ATTN:  AMSMI-YDL 

Redstone  Arsenal,  AL  35898 

1  Commander 

US  Army  Missile  Command 

ATTN:  AMSME-RK,  Dr.  R.G.  Rhoades 

Redstone  Arsenal,  AL  35898  1 

l  Commander 

US  Army  Tank  Automotive 
Command 

ATTN:  AMSTA-TSL  1 

Warren,  MI  48090 

1  Director 

US  Army  TRADOC  Systems 

Analysis  Activity  9 

ATTN:  ATAA-SL 
White  Sands  Missile  Range 
NM  88002 

1  Commandant 

US  Army  Infantry  School 
ATTN:  ATSH-CD-CSO-OR 
Fort  Benning,  GA  31905 

1  Commander 

US  Army  Research  Office 

ATTN:  Chemistry  Division 

P.O.  Box  12211  4 

Research  Triangle  Park,  NC  27709 

1  Commander 

Office  of  Naval  Research 
ATTN:  Dr.  J.  Enig,  Code  200B 
800  N.  Quincy  Street 
Arlington,  VA  22217 


Organization 

Commander 

Naval  Sea  Systems  Command 
ATTN:  Mr.  R.  Beauregard, 

SEA  64 E 

Washington,  DC  20360 
Commander 

Naval  Explosive  Ordnance 
Disposal  Facility 
ATTN:  Technical  Library 
Code  604 

Indian  Head,  MD  20640 
Commander 

Naval  Research  Lab 
ATTN:  Code  6100 
Washington,  DC  20375 

Commander 

Naval  Surface  Weapons  Center 
ATTN:  Code  G13 
Dahlgren,  VA  22448 

Commander 

Naval  Surface  Weapons  Center 
ATTN:  Mr.  L.  Roslund,  R122 
Mr.  M.  Stosz,  R121 
Code  X211 ,  Lib 
E.  Zimet,  R13 

R. R.  Bernecker,  R13 

J. W.  Forbes,  R13 

S. J.  Jacobs,  R10 

K.  Kim,  R13 

Dr.  C.  Dickinson 
Silver  Spring,  MD  20910 

Commander 

Naval  Weapons  Center 
ATTN:  Dr.  L.  Smith,  Code  3205 
Dr.  A.  Amster,  Code  385 
Dr.  R.  Reed,  Jr.,  Code  388 
Dr.  K.  J.  Graham,  Code  3835 
China  Lake,  CA  93555 


DISTRIBUTION  LIST  (continued) 


No.  of 

Copies  Oi-gani  cation 

1  Commander 

Naval  Weapons  Station 
NEDED 

ATTN:  Dr.  Louis  Rothstein, 
York town,  VA  23691 

1  Commander 

Fleet  Marine  Force,  Atlantic 
ATTN:  G-4  (NSAP) 

Norfolk,  VA  23511 

1  Commander 
AFRPL 

ATTN:  Mr.  R.  Geisler, 

Code  AFRPL  MKPA 
Edwards  AFB,  CA  93523 

1  AFWL/SUL 

Kirtland  AFB,  NM  87117 

1  Commander 

US  Army  BMD 

Advanced  Technology  Center 
ATTN:  Dr.  David  C.  Sayles 
P.0.  Box  1500 
Huntsville,  AL  35807 


No .  of 

Copies  Organization 
Aberdeen  Proving  Ground 
Dir,  USAMSAA 

Code  50  ATTN:  AMXSY-D 

AMXSY-MP,  H. 
Cdr,  USATECOM 

ATTN:  AMSTE-TO-F 
Cdr ,CRDC,  AMCCOM 
ATTN:  SMCCR-RSP-A 
SMCCR-MU 
SMCCR-SPS-IL 


1  Director 

Lawrence  Livermore  National  Lab 
University  of  California 
ATTN:  Dr.  M.  Finger 
Livermore,  CA  94550 


1  Director 

Los  Alamos  Scientific  Laboratory 

ATTN :  John  Ramsey 

P.0.  Box  1663 

Los  Alamos,  NM  87544 


1  Director 

Sandia  National  Lab 
ATTN :  Dr .  J .  Kennedy 
Albuquerque,  NM  87115 


Cohen 


USIiR  liVAI.UATION  SHFFT/CHANGL  OF  ADDRHSS 


This  Laboratory  undertakes  a  continuing  effort  to  improve  the  quality  of  the 
reports  it  publishes.  Your  comments/answers  to  the  items/questions  below  will 
aid  us  in  our  efforts. 

1  .  BRL  Report  Number _  ____  Date  of  Report 

2.  Date  Report  Received _  _ 

3.  Docs  this  report  satisfy  a  need?  (Comment  on  purpose,  related  project,  or 

other  area  of  interest  for  which  the  report  will  be  used.) _ 


4.  How  specifically,  is  the  report  being  used?  (Information  source,  design 
data,  procedure,  source  of  ideas,  etc.) _ 


3.  Has  the  information  in  this  report  led  to  any  quantitative  savings  as  far 
as  man-hours  or  dollars  saved,  operating  costs  avoided  or  efficiencies  achieved 
etc?  If  so,  please  elaborate. _ _ 


0.  General  Comments.  What  do  you  think  should  be  changed  to  improve  future 
reports?  (Indicate  changes  to  organization,  technical  content,  format,  etc.) 


CURRKNT 

ADDRF.SS 


Name 


Organization 


Address 


City,  State,  Zip 

7.  If  indicating  a  Change  of  Address  or  Address  Correction,  please  provide  the 
New  or  Correct  Address  in  Block  6  above  and  the  Old  or  Incorrect  address  below. 


OLD 

ADDRF.SS 


Name 


Organization 


Address 


City,  State,  Zip 


(Remove  this  sheet  along  the  perforation,  fold  as  indicated,  staple  or  tape 
closed ,  and  mail.) 


-  FOLD  HFRE  - 


Director 

US  Army  Ballistic  Research  Laboratory 
ATTN:  AMXBR-OD-ST 

Aberdeen  Proving  Ground,  MD  21005-5066 


OFFICIAL  BUSINESS  - 

PENALTY  FOR  PRIVATE  USE.  *300  BUSINESS  REPLY  MAIL 

FIRST  CLASS  PERMIT  NO  12062  WASHINGTON, DC 
POSTAGE  WILL  BE  PAIO  BY  DEPARTMENT  OF  THE  ARMY 


Di rector 

US  Army  Ballistic  Research  Laboratory 
ATTN:  AMXBR-OD-ST 

Aberdeen  Proving  Ground,  MD  21005-9989 


NO  POSTAGE 
NECESSARY 
IF  MAILED 
IN  THE 

UNITED  STATES 


FOLD  MERE 


m 


t  - 
£ 


FILMED 


3-85 


x'. 


DTIC 


